Rotavirus (RV)-infected piglets are presumed to be latent sources of heterologous RV infection in humans and other animals. In RVs, non-structural protein 4 (NSP4) is the major virulence factor with pleiotropic properties. In this study, we analyzed the nsp4 gene from porcine RVs isolated from diarrheic and non-diarrheic cases at different levels of protein folding to explore correlations to diarrhea-inducing capabilities and evolution of nsp4 in the porcine population. Full-length nsp4 genes were amplified, cloned, sequenced, and then analyzed for antigenic epitopes, RotaC classification, homology, genetic relationship, modeling of NSP4 protein, and prediction of post-translational modification. RV presence was observed in both diarrheic and non-diarrheic piglets. All nsp4 genes possessed the E1 genotype. Comparison of primary, secondary, and tertiary structure and the prediction of post-translational modifications of NSP4 from diarrheic and non-diarrheic piglets revealed no apparent differences. Sequence analysis indicated that nsp4 genes have a multi-phyletic evolutionary origin and exhibit species independent genetic diversity. The results emphasize the evolution of the E9 nsp4 genotype from the E1 genotype and suggest that the diarrhea-inducing capability of porcine RVs may not be exclusively linked to its enterotoxin gene.
Introduction
Rotavirus (RV)-induced gastroenteritis is one of the most important public health concerns for humans and animals around the world. Consequences of gastroenteritis are ruinous, mainly in resource-poor countries, and can lead to colossal financial losses in animal health and production industries [2, 13] . Among the nine rotavirus groups (RVA-RVI) identified to date, RVA is the most frequent cause of diarrhea among mammalian and avian species [28, 29] . RVA is also important due to its high prevalence and pathogenicity in humans as well as in pigs [33] , and on several occasions RV-infected piglets served as a prospective source for heterologous infection in humans and other animal species [11, 18, 40] . There are reports of porcine RVs from India [5, 12, 19, 20, 25] , and in many parts of India, pig farming mainly sustains the livelihood of poor farmers in general and tribal farmers in particular.
The RV genome consists of 11 segments of double-stranded RNA that encode six structural (VP1 to VP4, VP6, and VP7) and five/six non-structural (NSP1 to NSP5/NSP6) proteins. Genome segment 10 encodes the NSP4 protein (the first viral enterotoxin/viroporin), a multifunctional glycoprotein of 175 amino acid residues that has an important role in viral pathogenesis and morphogenesis [45] . Its cytoplasmic tail portion (45th to 175th amino acids) includes biological properties [38] , and the portion from 135th to 175th amino acid residues exhibits a high degree of sequence variation [16] . The interspecies variable domain (ISVD; spanning the 135th to 146th amino acid residues), a flexible region located at the extreme C-terminus, is critical for RV virulence and its diarrhea-inducing capabilities; mutations at the 135th and 139th amino acid residues result in loss of viroporin function [44] . Extensive primary structure analyses of NSP4 sequences, however, did not detect any correlation between amino acid substitution and the symptomatic/ asymptomatic phenotypes of the virus [35] .
The gene encoding NSP4 proteins has been classified into 15 genotypes (E1 to E15) based on 85% identity cut-off values [26, 32] . When genetic sequences are paralleled, close identity is often revealed between human and animal RVs [41] . The evolution of porcine RVs, especially through the exchange of genomic segments among different host-specific RVs can lead to emergence of novel porcine strains having the capability to infect humans [30] . Reports are available that confirm the occurrence of re-assortment events between human and porcine RV strains and the emergence of RVs strains with rare genotypes [27] . In this study, we sought to determine whether there were correlations between enterotoxins and their diarrhea-inducing capabilities at different folding levels of the NSP4 protein of porcine RVA. We also aimed to elucidate the genetic relationship among genes encoding enterotoxins, for which the NSP4 sequences of RVA strains from diarrheic and non-diarrheic porcine viral specimens together with genes from humans were analyzed.
Materials and Methods

Viral specimens
A total of 250 fecal samples from diarrheic (n = 85) and non-diarrheic piglets (n = 165) between 1 and 12 weeks of age were collected from March 2013 to June 2015 from an organized pig farm in the Bareilly district, Uttar Pradesh, India. The samples were processed as described previously [23] and were stored at −20 o C.
Primer designing, RT-PCR, and RVA diagnosis
Nucleotide sequences of VP6 genes of porcine origin were downloaded, aligned by using the ClustalW program and analyzed for the presence of conserved motif(s). Degenerate primers were designed based on the identified conserved motif. Viral RNA extraction followed by cDNA synthesis was done as described in our earlier report [24] . Diagnostic PCR was done by using primers based on the VP6 gene, viz., RVA-D-F 5′ TTTGATCACTAAYTATTCACC3′ and RVA-D-R 5′ GGTCACATCCTCTCACTA3′ for specific amplification of a 226 bp size product.
Characterization of nsp4 genes and their products
Genes encoding full-length NSP4 protein (742 bp) were amplified from 9 porcine RVA (PoRVA)-positive samples representing 5 diarrheic (PoRVA-30, PoRVA-32, PoRVA-34, PoRVA-36, PoRVA-C3) and 4 non-diarrheic viral specimens (PoRVA-172, PoRVA-173, PoRVA-174, PoRVA-175) by using the reported primer pairs [23] . Amplified genes were cloned in pDrive cloning vector (Qiagen, Germany) and sequenced with the M13 universal primer pair. Open reading frames (ORFs) and untranslated regions were identified through EditSeq tool implemented in DNASTAR software (DNASTAR, USA). The GC contents were calculated by using EditSeq tool. The ORFs of individual genes were theoretically translated and molecular weights/isoelectric points were calculated. Antigenic epitopes in the pre-defined ISVD region, based on the Jameson-Wolf antigenic index, were predicted with the help of the Protean tool implemented in DNASTAR software and using various predictive algorithms.
Molecular modeling of NSP4 protein and prediction of post-translational modification sites
Secondary and tertiary structure predictions were carried out by using the SOPMA secondary structure prediction method [14] and the I-TASSER server [42] , respectively. Putative sites of post-translational modification (PTM), viz., phosphorylation, glycosylation, and SUMOylation were predicted by using the NetPhos 2.0 [4] , NetOGlyc 4.0 [37] , NetNGlyc 1.0 (Center for Biological Sequence Analysis, USA), and GPS-SUMO 2.0 [46] servers, respectively, on the ExPASy portal. The threshold/ cut-off values for each prediction were set as described previously [8] .
RotaC classification, homology, and evolutionary analysis
Nucleotide and amino acid sequences were aligned by applying the Clustal W method using MegAlign software ver. 5.0 (DNASTAR, USA), and percentage identities were calculated. Nucleotide sequences of nsp4 genes that had ＞ 95% similarity during megablast analysis by the basic local alignment search tool (National Center for Biotechnology Information, USA) were retrieved from the NCBI database and subjected to phylogenetic analysis with the help of Molecular Evolutionary Genetic Analysis (MEGA; ver. 6.05) [39] . Nucleotide sequences were aligned by using the default pairwise and multiple alignment parameters of Clustal W in MEGA and applied for selection of the best substitution model for further analysis using FindModel tool [34] . Gaps were positioned to minimize nucleotide mismatches and treated as missing data in all analyses. The maximum likelihood statistical method was applied to construct a phylogenetic tree with the selected model. Tree robustness was tested by using the bootstrap method based on 1,000 replicates. Further, the RotaC2.0 web-based tool for classification of RVA was used to determine the genotype of the NSP4 sequences [22] . To elucidate the genetic diversity among nsp4 genes, a haplotype network was inferred by using the SplitsTree4 program (ver. 4.13.1) with minimum spanning and parsimony splits networks [15] . The genealogy of the nsp4 genes was estimated by using the TCS network in PopART (Population Analysis with Reticulate Trees) software ver. 1.7 [9] . To analyze the selection pressure, Tajima's D test was performed on DNA Sequence Polymorphism (DnaSP 5.10.01) [21] . 
Results
RVA diagnosis
The RVA diagnostic PCR yielded a 226 bp amplicon in 166 viral specimens, confirming the presence of RVA in the porcine population on the sampled farm (data not shown). Of the 166 RVA-positive specimens, 5 diarrheic and 4 non-diarrheic clinical samples were randomly selected for amplification of the full length nsp4 gene. Amplified genes (742 bp) were sequenced and submitted to GenBank (National Center for Biotechnology Information, USA), i.e., PoRVA-C3 (KJ650568), Por-30 (KP868550), Por-32 (KP868551), Por-34 (KP868552), Por-36 (KP868553), Por-172 (KT695800), Por-173 (KT695801), Por-174 (KT695802), and Por-175 (KT695803). GenBank accession numbers of other RVA strains/isolates of human (HuRVA, n = 9) and porcine (n = 12) origin are: WH-a (JN650611),
, OSU-C5111 (PoRVA reference strain, E1 genotype, KJ450851), Wa (HuRVA reference strain, E1 genotype, AF200225), and KUN (HuRVA reference strain, E2 genotype, D88829).
Primary structure of nsp4 gene and its product
The full-length cDNA encoding viral enterotoxins ranged from 701 to 751 bp in length with constant ORFs of 528 bp. One of the nsp4 genes (KJ650568) cloned in the study was partial because we could only clone cDNA of 599 bp. UTRs (5′ and 3′) exhibited variation in length, and they ranged from 34-41 bp and 162-182 bp, respectively. The GC content of full-length nsp4 were 37.8% to 41.74%. Despite the gene variations, the NSP4 enterotoxins comprised of 175 amino acids residues with ∼20 kDa molecular weight and slightly alkaline isolelectric point values, except in a few genes. Comparison of the ISVD region (131-141 amino acid residues) in enterotoxins from diarrheic and non-diarrheic porcine specimens revealed no apparent differences at the 135th and 138th positions (Fig. 1 ). An absence of apparent differences was also evident when antigenic indices of diarrheic and non-diarrheic enterotoxins were compared (Table 1) . However, it is noteworthy that, compared to non-diarrheic strains, only one diarrheic strain (PoRVA-C3) exhibited a very high antigenic index (Table 1 ).
Molecular modeling of NSP4 protein
Predicted secondary structures of porcine enterotoxins were made up mainly of alpha helices. The alpha helices, extended strands, beta turns, and random coils ranged from 52.08% to 59.64%, 16.00% to 19.43%, 4.57% to 6.86%, and 17.47% to 24.57%, respectively. There were slight differences observed in NSP4 proteins from diarrheic and non-diarrheic specimens. The proportion of alpha helices (58.29%-59.64%) and beta turns (5.14%-6.29%) were slightly higher in non-diarrheic enterotoxins with concomitant lower content of extended strands and random coils compared to those of diarrheic viroporin (52.08%-57.71%, alpha helices and 4.57%-5.56%, beta turns). The tertiary structure prediction of viral enterotoxins showed that the fold consists of five helices, random coils, and a few extended strands (data not shown). Folds resemble the helical bundle-like structure formed by alpha helices together with strands and turns. The ISVD region is comprised mainly of coils followed by helices. The predicted structures showed high similarity to the pentameric structures of RV NSP4 (PDBs 3miwA, 2o1jA, and 2o1kA).
Putative PTM sites in porcine RVA NSP4 Porcine RVA NSP4 enterotoxins contained 6-11 putative phosphorylation sites (data not shown). There were slight differences in the number of sites when porcine enterotoxins from diarrheic and non-diarrheic specimens were compared. Non-diarrheic NSP4 possessed 11 sites, whereas those from diarrheic specimens had only 9 sites. When analyzed for glycosylation sites, enterotoxins were predicted to have 2 N-glycosylation sites at the 8th and 18th amino acid residues. The O-glycosylation sites were predicted in only two porcine strains, viz., PoRVA-C3 (at 130th amino acid residue) and Por-RV0104 (two sites at 63rd and 109th). All NSP4 proteins exhibited one site (at 92nd amino acid) for type-II SUMOylation, with the exception of one non-diarrheic sample (PoRVA-173, KT695801) that possessed two peptides with potential type-II SUMOylation at the 92nd and 163rd amino acid residue (data not shown).
RotaC classification, homology, and evolutionary analysis
All nsp4 genes cloned in the study belonged to the E1 genotype as evidenced by their RotaC classification. The nsp4 genes isolated from diarrheic specimens exhibited more than 99% homologies among them, except for PoRVA-C3 that showed a lower percentage of identity (92.4%) at the nucleotide level. When the deduced amino acid sequences (primary structure of protein) were compared, there was no difference detected among the diarrheic specimens. However, strain PoRVA-C3 shared only 86% homology with other diarrheic specimens at the amino acid level. The nsp4 genes from non-diarrheic specimens also showed nearly 100% homology among them at the nucleotide and amino acid level. When diarrheic and non-diarrheic enterotoxins were compared, they exhibited ＞ 95% and ＞ 96% homologies, respectively, at the nucleotide and amino acid level (data not shown). Nevertheless, comparison of non-diarrheic enterotoxins with PoRVA-C3 revealed 86%-92% and 80.9%-86.9% homology at the nucleotide and amino acid level, respectively. The nsp4 genes from the present study shared 76.4%-93.4% and 86.2%-97.5% homologies with selected nsp4 genes of porcine and human origin, respectively.
In our phylogenetic analysis, RVA isolates with E2 genotype were robustly separated from those with the E1 and E9 genotypes. PoRVA isolates with the E9 genotype formed a separate subclade within the major cluster group of isolates with the E1 genotype (panel A in Fig. 2 ). The major cluster was further divided into two subclades representing isolates of both human and porcine origin. All nsp4 genes isolated in the study were grouped into one cluster, with the exception of PoRVA-C3 (panel A in Fig. 2) . The above observations were also valid for a phylogenetic tree developed with amino acid sequences, except that the number of subclades within the major cluster increased to four (panel B in Fig. 2 ). The minimum spanning network generated through the SplitsTree4 program is presented in panel A in Fig. 3 . The PoRVA isolate and a human reference strain, i.e., "KUN" (accession No. D88829), with the E2 genotype exhibited significant diversity and remained outside of the large cluster containing isolates with E1 and E9 genotypes of porcine and human origin. Diversity among Fig. 2 . Phylogenetic analysis of nucleotide (A) and amino acid sequences (B) of porcine rotavirus group A (RVA) enterotoxins. RVA isolates with E2 and E9 genotypes were represented as empty (Δ) and solid (▲) triangles, respectively. Isolates with the E2 genotype were robustly separated from those with the E1 and E9 genotypes. Porcine RVA isolates with the E9 genotype were relatively close to those with the E1 genotype and constituted a separate sub-clade suggesting multiphyletic origin of members with E1/E9 and E2 genotypes. All PoRVA isolates identified in the study were clustered together except PoRVA-C3. Round dots (•) represent the diarrheic isolates, while square dots (■) show non-diarrheic PoRVA isolates. Reference prototype porcine strain of OSU-C5111 (E1 genotype, KJ450851), human reference strains Wa (E1 genotype, AF200225) and KUN (HuRVA reference strain, E2 genotype, D88829) are represented by asterisks (*).
members of the E1 and E9 genotypes is represented in a parsimony splits network (panel B in Fig. 3 ). PoRVA isolates with the E9 genotype exhibited a notable distance from those with the E1 genotype, and members of both genotypes constituted a separate cluster. The genealogy of nsp4 genes from porcine and human RVA isolates of E1 and E9 genotypes, estimated by using the TCS network (panel C in Fig. 3) , supported phylogenetic and genetic diversity analysis observations and elucidated the occurrence of several nucleotide substitution events over time. In the current data set, the TCS network identified PoRVA-30 (accession No. KP868550) as an ancestral haplotype (panel C in Fig. 3 ). The total dataset contained 180 segregation sites as indicated by the results of the Tajima's D test (D = −0.34698, p ＞ 0.1).
Discussion
The non-structural protein 4 of RV is considered a key factor in symptomatic viral infection. Amino acid residues at specific positions in the ISVD or flexible regions were reported to exhibit high variation in a species-specific manner, and mutations in this region (at 135th and 138th amino acid residues within the ISVD) lead to altered virulence in porcine strains [44] . Follow-up studies in humans, felines, and murines, however, were unable to establish a sequence/motif-function relationship in NSP4 proteins by analyzing virulent and attenuated pairs [1, 7, 31] . Moreover, it has been suggested that the coordinated interaction of a few or all viral proteins results in RV virulence [10] . Furthermore, huge primary structure divergence in the C-terminal region in enterotoxins has been shown to have a significant role in the conformational variation leading to altered biological properties [16, 35, 44] . Thus, specific tertiary interactions of certain amino acid residues at the ISVD or the flexible C-terminus seem to be important for the retention of diarrhea-inducing capabilities in different NSP4s. In the light of above facts, we undertook a systematic analysis of NSP4 proteins from porcine RVA strains at different levels of protein folding and correlated the role of any PTM in the enterotoxin function/virulence with an in silico analysis.
In this study, viral specimens were collected over a period of 2 years. Presence of RVA was observed in both symptomatic and asymptomatic porcine viral specimens encompassing all age groups. Prior to 2013, there was no reort of RVA infection in the porcine population of Uttar Pradesh, India [25] , but our study indicated a high prevalence of RVA in piglets of this region. In addition, animals that were apparently healthy harbored the virus, thus indicating the sensitivity of the PCR performed with our primer set. Despite the observed variation in the length of cDNAs encoding viral enterotoxins, the length of ORFs and proteins were found to be conserved. The theoretical MW of the translated product was calculated to be ∼20 kDa, and it was observed to undergo co-translational glycosylation to 29 kDa and eventually processed to 28 kDa protein [36] . Virulence is usually associated with glycosylation of certain virus proteins, e.g., enterotoxins. N-linked glycosylation is shown to be crucial for NSP4-mediated cytotoxicity in RV viremia [43] . In our analysis, we predicted two conserved N-glycosylation sites in NSP4 sequences. Interestingly, porcine NSP4 sequences cloned from asymptomatic viral specimens were also predicted to possess two N-glycosylation sites, as observed in symptomatic specimens. Additionally, O-glycosylation sites were predicted in two sequences isolated from symptomatic specimens. It is noteworthy that there is no experimental evidence reported to date for O-linked glycosylation in rotaviral enterotoxins; rather some researchers have concluded that recombinant NSP4 did not enter the Golgi apparatus [3] . Our predictions need experimental validation, and it would be interesting to explore the possible effect(s) of this type of glycosylation in some porcine NSP4s, if any. Phosphorylation of a protein may amend its biological activity and specific protein-protein interactions. Our prediction for phosphorylation in NSP4 suggested many putative sites and is in agreement with a previous analysis [8] . However, we could not find experimental evidence that supports phosphorylation of NSP4 in vivo. Further experimental support is required to investigate whether RV enterotoxins are phosphorylated and, if yes, the biological significance of this kind of modification. Likewise, SUMOylation offers functional flexibility to proteins and is involved in different biological processes such as protein localization and functions. SUMOylation in RV proteins, viz., VP1, VP2, NSP2, VP6, and NSP5 has been shown to positively regulate replication and viral protein production [6] . Our results suggest that there could be SUMOylation in NSP4 proteins. Prediction of PTMs in rotaviral enterotoxins revealed different types of modifications of which only glycosylation has been experimentally validated previously. In silico phosphorylation and SUMOylation in NSP4 have also been previously; therefore, a concerted effort to investigate these modifications may elucidate RV pathogenesis. This information might also be useful in designing and development of treatment stratagems.
Comparison of the primary structure of the ISVD region from diarrheic and non-diarrheic specimens did not correlate with the presence of certain amino acids at specific positions, as was reported previously [44] . We did not observe apparent changes in the ISVD region, e.g., serine was present instead of proline at the 138th position in porcine isolates with both clinical signs (both symptomatic and asymptomatic specimens). Likewise, valine instead of alanine was present at the 135th position.
Comparison of antigenic indices also exhibited no observable difference, except in one diarrheic strain (PoRVA-C3). The high antigenic index of PoRVA-C3 may be attributed to its different primary structure and, eventually, to different tertiary interactions. These observations were concomitant with previous conclusions that the primary structure of NSP4 is unrelated to its biological functions [1, 7, 31] . We, therefore, looked into folding of viral enterotoxins and compared the predicted secondary structures. When secondary structures of enterotoxins from diarrheic and non-diarrheic specimens were compared, we did not detect significant differences between them. The absence of significant differences was also true for the three-dimensional structure predictions for enterotoxins. NSP4 proteins from both symptomatic and asymptomatic specimens exhibited highest similarity with a single template only (PDB, 3miwA). This may be due to similar fold structures of NSP4 proteins irrespective of clinical conditions. However, it might also be due to nonavailability of a crystal structure of enterotoxins isolated from asymptomatic viral specimens. Whatever the reason, we were unable to differentiate diarrheic NSP4 from non-diarrheic NSP4 at the three-dimensional folding level. Further, we hypothesized whether PTMs have a role in diarrhea-inducing capabilities. We did observe slight changes in the number of phosphorylation sites when non-diarrheic and diarrheic porcine viral specimens isolated in this study were compared. Those differences, however, were not evident in other porcine sequences present in the public database (National Center for Biotechnology Information, USA). Likewise, no significant difference was observed in the SUMOylation sites in NSP4 sequences.
Our phylogenetic analysis indicated that genetic diversity among nsp4 genes is not species specific as all members of the E1 genotype from both porcine and human origins clustered together. The PoRVA isolates with the E9 genotype were found relatively close to those of the E1 genotype, and together they constituted a separate cluster suggesting a multiphyletic origin of members with E1/E9 and E2 genotypes. Our observations support those in a previous report in which human and porcine isolates of E1 and E9 genotypes grouped together. Moreover, a HuRVA isolate with an E2 genotype clustered independently [41] , as was observed in our study. The PoRVA isolate with the E2 genotype is believed to be an example of a bovine to porcine interspecies transmission event [17] ; therefore, it formed a separate cluster in the phylogenetic analysis results. Closeness of the E1 and E9 genotype was further evident in genetic diversity study; however, despite this closeness, the E9 genotype exhibited sufficient diversity to constitute a separate cluster in the parsimony splits network. The E9 genotype is only represented in porcine RVA isolates in contrast to E1 that is present in isolates of both human and porcine origin. It is possible that a pool of RVA isolates with the E9 genotype circulating in porcine population might have evolved from those with the E1 genotype. Future studies should focus on comparison of biological functions of porcine NSP4s from both genotypes to elucidate whether this closeness has any role at the protein level. In addition, the results of the genetic diversity analysis supported those of the phylogenetic analysis as 2 PoRVA and 2 HuRVA isolates from China were grouped with the HuRVA isolate (GQ240627) from Manipur, India. Other Indian HuRVA isolates either constituted independent clusters or grouped together. Among the PoRVA isolates, those from Korea formed one cluster, while Indian isolates identified in this study constituted two separate clusters; one grouping nsp4 genes from diarrheic specimens and the other from non-diarrheic specimens. Further, one PoRVA isolate from a non-diarrheic specimen (accession No. KT651801) constituted an independent cluster, revealing further diversity among nsp4 genes from non-diarrheic specimens. One PoRVA isolate from Canada (JN974786) remain independent from others in the study, indicating circulation of a different RV strain in that region. Association of human and porcine RV strains from different geographical locations, as observed in this study, indicate the possibility of re-assortment events between species, as has been reported previously [27, 30] . Observations in genetic diversity and genealogy studies among genes encoding enterotoxins were correlated and clearly indicated evolutionary distances of the RVA isolates with different genotypes. This is due to the occurrence of several nucleotide substitution events during evolution as shown in TCS network; however, these mutations were random as the Tajima's D test results were not statistically significant.
This study was intended to draw putative correlation if any, between RV enterotoxins and its diarrhea-inducing capabilities at the protein level; however, we did not detect any evidence of such a correlation. Our preliminary observation based on in silico analysis of deduced amino acid sequences and structural prediction indicated that the diarrhea-inducing capabilities and/or pathogenesis of porcine RVA may not be linked to its enterotoxin. There might be involvement of certain receptor(s) inside the host and the host's immune status for development of clinical signs after infection. Additionally, our results suggested that the porcine E9 genotype might have evolved from the E1 genotype. Further studies should be undertaken to investigate possible interspecies transmission events between Indian RV populations of porcine and human origin.
